A biosensor system based on the response of living cells was demonstrated that can detect specific components of a complex mixture fractionated by a microcolumn separation technique. This system uses ligand-receptor binding and signal-transduction pathways to biochemically amplify the presence of an analyte after electrophoretic separation. The transduced signal was measured by means of two approaches: (i) fluorescence determination of intracellular calcium concentrations in one or more rat PC-1 2 cells and (ii) measurement of transmembrane current in a Xenopus laevis oocyte microinjected with messenger RNA that encodes a specific receptor. This analysis system has the potential to identify biologically active ligands present in a complex mixture with exceptional sensitivity and selectivity.
Biosensors detect chemical species with high selectivity on the basis of molecular recognition rather than the physical properties of analytes (1) . Many types of biosensing devices have been developed in the past 30 years, including enzyme electrodes, optical immunosensors, ligand-receptor amperometers, and evanescent-wave probes (2) . Entire living cells also can be used as biosensors (3) . Whole-cell biosensors have two important advantages. First, many disparate chemical species can evoke a response from a single cell. Second, the recognition event for a component can be amplified by signal-transduction pathways so that measurable responses result from minute quantities of material (4) . When more than one component in a sample mixture elicits a response, however, the signal from a living cell often cannot be interpreted. Consequently, fractionating components before they interact with the cell would be useful. The microcolumn separation technique of capillary electrophoresis (CE) is well suited for this purpose because of its physiologic compatibility (it uses aqueous separation buffers), speed (typically 5-to 30-min analysis times), and high separation efficiency (typically >105 theoretical plates) (5) . In addition, the ability of capillary separations to work with very small samples (picoliter to nanoliter injection volumes) often makes it possible to analyze the components of individual cells without prohibitive dilution (6) . Nevertheless, fractionation of biological samples with many components has proved difficult for CE (7) , and a variety of important biological species are not easily detected with traditional measurement approaches (8) .
Here In two separate single-cell biosensor (SCB) systems for CE, rapid separation of analytes is accomplished in a fused silica capillary, and the effluent from the capillary outlet is directed to an SCB for detection (9) . Electroosmosis help isolate the electric field used in the CE separation from the small electrical signal measured at the oocyte, we placed the electrophoresis ground upstream from the capillary outlet (12) .
The CE-SCB system was able to separate and detect specific components from a mixture (Fig. 3A) . A standard solution containing ACh, bradykinin (BK), and adenosine triphosphate (ATP) was separated, and the capillary effluent was delivered to a small group of PC-12 cells. Increases in [Ca2+] after ligand-receptor binding are caused by release from internal stores and by entry through ligand-or voltage-gated channels (13) . We identified the three peaks in Fig.  3A by electrophoretically separating each component individually (Fig. 3, B , C, and D). Because of the relative charge-to-frictional drag ratios, ACh migrates fastest to the sensor and is closely followed by BK and then by ATP. The migration velocity of ATP varies more between CE runs than do the velocities of the other components, an observation consistent with the slower migration velocity of ATP (14) . In separate studies, inhibitors to BK and ACh binding were used, and the results confirm the identifications presented in Fig. 3A .
Detection of components in complex biological matrices is a more challenging test of the power of this technique than the analysis of standard solutions. In Fig. 4 , the CE-SCB fluorescence system identifies a species traditionally difficult to detect, ACh, which is present in the lysate of NGF-differentiated PC-12 cells (15) . A sample containing an amount of material that corresponds to -50 cells (16) itive with fluorescence tagging and mass spectrometric analysis techniques (22), and a 10-to 100-fold improvement in sensitivity may be possible by differentiating the SCB (20) . The feasibility of tailoring a CE-SCB system to respond to specific components of interest is demonstrated in Fig. 5 . A Xenopus oocyte microinjected with serotonin (5-hydroxytryptamine, or 5-HT) 5HT1c receptor mRNA was clamped at -70 mV at the outlet of a separation capillary, and 5-HT was electrophoretically separated (Fig. 5A) . No current response was seen for the blank (control) CE run (Fig. 5B) , and the signal returned when 5-HT was separated once again (Fig. 5C) . A slight increase in the migration time of 5-HT is apparent (Fig. 5, A and C) , presumably caused by a decrease in the electroosmotic flow rate. A second control, in which the voltage-clamp measurement was made on an oocyte that is not microinjected with receptor mRNA, yielded no response for 5-HT after CE. In coupling CE to an SCB, mechanical and electrical disturbances that may affect the detection sensitivity of the cell must be minimized. Small capillary movements can alter the relative position of the capillary and SCB, thereby changing the effective concentration of an analyte presented to the plasma membrane of an SCB. This effect can be dramatic when both the capillary i.d. and the cell diameter are small, as in the SCB fluorescence system. In addition, capillary movement may damage a cell and produce spurious detection signals when care is not taken to immobilize the column within the positioning needle. The effect of the separation field on cell integ- crease substantially when the separation field is applied. Coupling CE to the SCB voltage-clamp detector is less straightforward. To perform sensitive current measurements and to maintain oocyte viability, we made sure to largely decouple the SCB from the separation field by grounding the capillary before the outlet. Because field decoupling is incomplete, application of the separation field increases baseline current fluctuations by approximately 10-fold (24).
The sensitivity and reproducibility of a CE-SCB system will vary markedly with analyte and cell type. Optimized detection limits for different ligands may range from more than picomoles to a few molecules (25) . Factors that affect the detection signal include the ligand-receptor dissociation constant, the number of receptors exposed to ligand, the amplification pathways accessed after binding, the base-line variability in the quantity being measured, and frequently, the chemoreception history of the cell. Cellular response mechanisms can be manipulated to improve sensitivity and re- producibility. Differentiation of PC-12 cells, for example, has been shown to strongly potentiate the Ca2+ response to BK (20) , and receptor mutagenesis has the potential to greatly reduce desensitization (26) . The CE-SCB systems developed thus far are qualitative analysis devices. Information on the presence or absence of a species (above some concentration limit) can be achieved rapidly with high sensitivity and selectivity. Quantitative assessment of analyte concentration should prove feasible for species that evoke graded responses over some concentration range (27, 28) . In many instances, however, variability in the response between cells may necessitate numerous separations to generate accurate dose-response relations. Alternatively, quantitation could be achieved by coupling the effluent from a CE capillary to a sensor comprised of many cells, although this approach may sacrifice mass sensitivity. Techniques for limiting cell-to-cell variability (29) and for reducing desensitization in reused cells would aid in attempts to quantify analyte concentration.
Used qualitatively, the coupling of chemical separations with single-cell biosensors may prove valuable in a range of applications, including the isolation of novel ligands, the screening of mRNA expression, 4 Time (min) Fig. 5 . Electropherograms demonstrating the feasibility of tailoring a CE-SCB system to respond to specific components. AXenopus oocyte expressing the cloned rat 5HT1 c receptor was clamped at -70 mV, and the current flow across the plasma membrane was monitored during electrophoresis. In (A), a sample containing serotonin (5-HT) was injected into the capillary and was electrophoretically separated, producing a peak at -8 min. The electropherogram in (B) demonstrates that no response was obtained when a blank sample was run, and (C) shows the return of the peak when 5-HT was once again separated. Experimental conditions were as follows: 20-s gravity injections (+13 cm above the outlet) of 5-HT ( fields ranged from 23 to 36 cm and 230 to 870 V/cm, respectively. The separation electrolyte buffer in all experiments matched the physiologic medium in which cells were maintained during measurement (10, 11).
10. Cells were cultured on a no. 1 cover slip and loaded with fluo-3 AM ester (Molecular Probes) at room temperature for -0.5 hour. The loading medium contained 18 p.M fluo-3, 135 mM NaCI, 5 mM KCI, 10 mM glucose, 2 mM MgCI2, 2 mM CaCI2, and 10 mM Hepes (pH 7.35). After loading, the cells were placed in the same medium without fluo-3 for 0.5 hour at room temperature. When cell recordings were made for long periods, 6 pLM fluo-3 was often added to the medium to replenish the dye that was lost from the cells. (14) .
Fossil plants replacing the Glossopteris flora were low in diversity (Fig. 1) . Al 
